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Abstract
Fission and capture reactions were simultaneously measured in the neutron-
induced reactions of 241Am at the spallation neutron facility of the Japan Proton
Accelerator Research Complex (J-PARC). Data for the neutron energy range of
En = 0.1–20 eV were taken with the TOF method. The fission events were ob-
served by detecting prompt neutrons accompanied by fission using liquid organic
scintillators. The capture reaction was measured by detecting γ rays emitted
in the deexcitation of the compound nuclei using the same detectors, where the
prompt fission neutrons and capture γ rays were separated by a pulse shape
analysis. The cross sections were obtained by normalizing the relative yields at
the first resonance to evaluations or other experimental data. The ratio of the
fission to capture cross sections at each resonance is compared with those from
an evaluated nuclear data library and other experimental data. Some differ-
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ences were found between the present values and the library/literature values
at several resonances.
Keywords: 241Am, neutron-induced fission, neutron capture, time-of-flight
method, pulse shape analysis
1. Introduction
Management of minor actinides (MAs) such as neptunium, americium and
curium isotopes generated in nuclear power plants is one of the most important
issues in the use of nuclear energy. Because of the long half-lives of these ra-
dioactive nuclides, an extremely long time is necessary to confine the high-level5
nuclear wastes. Transmutation of MAs in a critical system such as Gen-IV type
reactors or an accelerator-driven subcritical system is actively discussed to re-
duce the amount of these nuclear wastes and to shorten the confinement period.
Design of these transmutation systems necessitates nuclear data for such minor
actinides, e.g. fission and capture cross sections with higher accuracy.10
Measurements of fission cross section (σf ) are mostly based on the detec-
tion of fission fragments. Various types of gaseous detectors such as Frisch-
grid ionization chambers [1, 2], fast ionization chambers [3, 4], and parallel plate
avalanche detectors [5, 6] were used. In an experiment at ORELA [7] fission
fragments could not be directly detected, therefore the prompt neutrons accom-15
panied by fission were measured. Neutron capture cross sections (σγ) have been
measured by detecting capture γ rays, for example, using scintillation crystals
such as NaI and BaF2 [8–10]. Liquid C6D6 scintillation detectors [11, 12] or Ge
detectors [13, 14] were also used.
Measurements of fission or capture cross sections have usually been carried20
out independently with different detector setups. In the present work, we simul-
taneously measured both fission and capture reactions in the same setup using
liquid organic scintillators. The cross sections were measured at the neutron en-
ergies far below the fission threshold, where fission cross sections are about two
orders of magnitude smaller than the capture cross sections. Fission events were25
2
identified by detecting prompt fission neutrons. Detected γ rays are assumed to
originate from the capture process because the number of prompt fission γ rays
is far smaller due to low fission cross sections. A pulse shape analysis of the
scintillator signals was applied to separate prompt neutron and γ-ray events.
Since the experimental condition to measure σf and σγ are completely the30
same in the present method, some of error sources and corrections given in the
data analysis are principally the same. Some of the examples are self-shielding
of neutrons by the target, a correction for dead-time associated with detector
response and data acquisition procedure. Thus, the ratio of both cross sections,
σf/σγ , obtained in this experiment principally does not contain systematic er-35
rors as a result of cancellation of common errors. Experimental data obtained
in this manner would improve analysis of resonance parameters of σf and σγ
to discuss intermediate structure in the sub-barrier fission [15] originating from
coupling between class I and class II states in the double-humped fission bar-
rier [16].40
2. Experimental method and setup
The experiment was performed at the Materials and Life science Facility
(MLF) of J-PARC. A high-intensity pulsed neutron beam was produced by
spallation reactions in a mercury target irradiated with 3-GeV protons (25-Hz
repetition, 200-kW power). Neutrons were slowed down in a hydrogen mod-45
erator and transported to the fourth beam line in MLF (BL04 course), which
is designed for neutron time-of-flight (TOF) measurements. The beam line
consists of collimators, a neutron chopper and resonance filters. The neutron
chopper was used to reduce the flux of slow neutrons which were produced in
the previous proton pulse and entered in the TOF interval defined by the lat-50
est pulse (wrap-around neutrons). The flight distance in this experiment was
21.5m. More details about the beam line are given in Ref. [17].
The experimental setup is illustrated in Fig. 1. The americium target con-
tains 7.5mg of 241Am (952MBq) in a chemical form of dioxide. The isotopic pu-
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Figure 1: Schematic layout of the experimental setup. Three NE213-type scintillators are
placed in holes of the neutron shield.
rity is 99.99%. The ratio of the total radio-activity of the impurities of 239−241Pu55
to that of 241Am is less than 1× 10−2%. The mass fraction of non-radioactive
impurities is less than 0.2%. The mixture of the americium dioxide and alu-
minum metal powder was pressed into a pellet shape of 10-mm diameter and
1-mm thickness. The pellet was enclosed in an aluminum container.
Three NE213-type scintillators, 101.6mm in diameter and 50.8mm in length,60
were placed at angles of +36◦, +144◦ and −144◦ with respect to the beam di-
rection. The distance from the center of the target to the detector surface was
150mm. Scattered neutrons having energies below 20 eV (the energy range of
this measurement is En = 0.1 − 20 eV) do not directly disturb the detection
of the prompt fission neutrons with an average energy of 1MeV. The scattered65
neutrons however cause additional γ-ray background by capture reactions. To
reduce the background, two kinds of shields were used. One is made of lithium
hydride powder enclosed in a cone-shaped aluminum container and placed be-
tween the target and the detectors (6LiH in Fig. 1) to stop scattered neutrons
from the target. The other is layers of lead, iron and borax resin to shield the70
neutrons and γ rays entering from other directions, where 478-keV γ rays from
the most inner layer of the borax resin are shielded by the outer layers of lead
and iron. In addition, lead plates of 1.6-mm thickness were placed just in front
of the detectors to suppress low energy γ and X rays from the radio-activity of
4
241Am.75
The anode signals from the photomultipliers were analyzed using the MPD-4
module (Mesytec GmbH &Co. KG, Germany) which gives an amplified signal
as well as a pulse-shape signal, i.e., a time difference between the leading and
the trailing edges of the input signal. The amplified and the pulse-shape signals
were recorded using the A3400-PDC (peak-to-digital converter) module (NIKI80
GLASS Co., Ltd., Japan) and recorded with the elapsed time from the proton
pulse for the TOF analysis of fission and capture events.
In the neutron capture process, the average γ-ray multiplicity is typically
3–4 [18, 19]. In the thermal-neutron fission of 239Pu, for example, 6.9 γ rays
per fission are emitted on average with an average energy of 1.0MeV [20]. The85
average total γ-ray energy per fission, ∼ 7 MeV, was also obtained in more
recent measurement for the spontaneous fission of 252Cf and the thermal-neutron
fission of 235U, 241Pu [21]. Considering that the fission cross section for 241Am
is two orders of magnitude smaller than the capture cross section [22] in the
neutron energy region of this measurement (En < 20 eV), γ rays detected in the90
scintillators are assumed to originate from the neutron capture process.
3. Experimental results and discussions
Figure 2(a) and 2(b) show two dimensional plots of the pulse height versus
the pulse shape, where neutron and γ-ray events are clearly separated. They
are obtained using the 241Am target and an empty aluminum disk, respectively.95
Figure 2(c) shows the projections of the two dimensional plots along with the
curvature of the γ-ray events indicated by the dashed curve in Fig. 2(a) and
2(b). The neutron yield is clearly seen in the case of the 241Am target. Events
in the pulse shape of 700–1500 ch were selected as γ-ray events whereas those
in 1750–3000 ch as neutron events. These selections correspond to the region100
marked by γ and n in the figure. The upper limit of the pulse-height selection
was set to 6000 ch which is equivalent to the Compton edge of 7.72-MeV γ rays
from the 27Al(n, γ) reaction. This selection does not influence the 241Am(n, γ)
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Figure 2: (a) Correlation between the pulse shape and the pulse height observed in the
measurement of 241Am. (b) same as (a) but obtained in the measurement of the aluminum
disk. (c) Projection of (a) and (b) on the horizontal axis along with the γ-ray locus.
events, because the neutron separation energy of 242Am is 5.54MeV and the
incident neutron energy used in this analysis is lower than 20 eV. The lower105
limit of the pulse height is set to 220 keVee (350 ch), see Fig 2(a) and 2(b).
The TOF spectra for the neutron and the γ-ray events are shown in Fig. 3.
The spectra were obtained by two scintillators placed at the backward direction
of ±144◦. The forward scintillator was not used in this analysis, because clear
separation between neutrons and γ rays was not obtained due to the γ flash.110
Assuming the non-extended dead-time model [23], the true counting rate at
time t is given by R0(t) = R(t)/{1−
∫ t
t−τ
R(t′)dt′}, where R(t) is the observed
counting rate at t. Using the dead-time τ = 400 ns which is required for the
data acquisition module to process one signal, the dead-time correction was
estimated to be 0.8% at the first resonance (Er = 0.305 eV), 1.0% at the second115
resonance (0.572 eV) and 1.9% at the third resonance (1.27 eV). The applied
dead-time correction is neutron-energy dependent and the same for the neutron
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Figure 3: TOF spectra for neutron and γ-ray events. Thin and dashed lines show the back-
ground from the Al disk and the wrap-around background, respectively.
and γ-ray events.
Background due to the wrap-around neutrons was estimated in the same
manner as described in Ref. [24]. The background spectrum due to the wrap-120
around neutrons is expressed by a combination of an exponential function and a
constant which includes the background from the decay of 241Am. The dashed
line in Fig. 3 is the deduced wrap-around background. It was estimated to
be 0.4, 1.5 and 0.5% for the neutron events, and 2.7, 4.8 and 6.2% for the
γ-ray events at the first three resonances, respectively. The background was125
subtracted depending on the incident neutron energy.
Background from the aluminum material contained in the 241Am target was
estimated by the measurement of the aluminum disk. The data were analyzed
in the same way as for the 241Am target described above. The background from
the aluminum disk is shown by the thin line in Fig. 3 and estimated to be 1.0,130
3.3 and 1.1% for the neutron events, and 13, 14 and 11% for the γ-ray events
at the first three resonances.
After subtracting the backgrounds, the self-shielding effect was corrected.
The correction factor is defined as a ratio of the incident neutron flux to the
7
average neutron flux taken over the target thickness, i.e.,135
η(En) =
σ(En)ρ
1− e−σ(En)ρ
, (1)
where σ is the absorption cross section (fission + capture) and ρ is the number
density of nuclei per unit area. In addition, an effect of the scattered neutrons
was also considered for the γ-ray events. The scattered neutrons in the target
pass through longer distance in the target and some of them will be captured.
This effect was calculated using a Monte Carlo simulation code PHITS [25]. For140
the neutron events, only the self-shielding effect was considered because the
fission cross section is much lower than the capture cross section. By referring
to the cross sections from JENDL-4.0, η was estimated to be 1.071, 1.061 and
1.078 at the first three resonances, respectively.
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Figure 4: (a) The cross section of 241Am(n, f) obtained in the present work (closed circles)
is compared with the data by Ref. [26] (open squares) and the JENDL-4.0 and the JEFF-3.2
evaluations (solid curves). (b) The cross section of 241Am(n, γ) (closed circles) is compared
with the data by Ref. [18] (open squares) and the JENDL-4.0 and the JEFF-3.2 evaluations
(solid curves).
After finishing the procedure described above, the neutron-energy dependent145
spectra for fission and capture events are divided by the neutron spectrum [17]
to obtain the relative values of their cross sections. To give absolute values
of the cross sections, the spectra are normalized such that the first resonance
8
integrated over 0.208–0.403 eV for fission and capture give the same values as
the JENDL-4.0 library data.150
The obtained σf is shown by the closed circles in Fig. 4(a). The open squares
were the experimental data by Dabbs [26]. The evaluations of JENDL-4.0 [22]
and JEFF-3.2 [27] are also shown for comparison. It was reported that the aver-
age neutron multiplicity in fission ν¯ slightly changes with the incident neutron
energy for 235U(n, f) and 239Pu(n, f) [28, 29]. This effect was not taken into155
account in the present analysis because it has not been studied for 241Am(n, f)
up to now. The ratios for the fission cross sections of the other data to our data
are summarized in Table 1 and Fig. 5(a) where the cross sections are integrated
around the resonance energies Er. The range of the integration is from E1 to E2,
which was determined from the full width at 20% maximum of each resonance160
by referring to the total width compiled in the JENDL-4.0 library. The third
to fifth columns are the cross section ratios to this work for JENDL-4.0 [22],
JEFF-3.2 [27] and for the experimental data by Dabbs [26], respectively. Each
ratio at the first resonance (Er=0.305 eV) is normalized to unity to compare
independently on what we use for the cross section normalization. The values165
in the parentheses in the top row are the normalization factors when our data
is normalized to JENDL-4.0. Only the statistical errors for our data and the
errors given in Ref. [26] are considered. The valuse in JEFF-3.2 are similar to
those of Ref. [26]. All of JENDL-4.0, JEFF-3.2 and Ref. [26] show smaller values
than the present data at Er=0.572 by ∼ 10% and 2.60 eV by ∼ 15%. Althogh170
JENDL-4.0 agrees with the present work better than JEFF-3.2 at Er=1.92, 2.36
and 14.7 eV, The JEFF-3.2 evaluation shows slightly better agreement with the
present data in total (see Fig. 5(a)).
The neutron capture cross section obtained in the present work is shown
by the closed circles in Fig. 4(b). The experimental data by Jandel [18] and the175
evaluations of JENDL-4.0 and JEFF-3.2 are also shown. In measurements where
not all of the γ rays from a capture event are detected as in the present exper-
iment, the pulse-height weighting (PHW) technique [30] is generally applied in
the analysis in order to consider that the number of emitted γ rays depends on
Table 1: Ratios of
[ ∫ E2
E1
σf dE
]
others
/[ ∫ E2
E1
σf dE
]
This work
are summarized. The first col-
umn is the resonance energy and the second are the lower and upper energies of the resonance
integration. The ratios are normalized at the first resonance Er=0.305 eV.
Er E1/E2
JENDL
This work
JEFF
This work
Dabbs
This work
(eV) (eV) (1.000∗) (0.976∗) (1.007∗)
0.305 0.208/0.403 1.00±0.01 1.00±0.01 1.00±0.01
0.572 0.478/0.667 0.90±0.01 0.91±0.01 0.90±0.01
1.27 1.17/1.37 0.98±0.01 1.02±0.01 1.00±0.01
1.92 1.83/2.01 1.05±0.08 0.73±0.06 0.81±0.06
2.36 2.25/2.47 0.99±0.08 0.91±0.07 0.95±0.08
2.60 2.49/2.70 0.87±0.05 0.86±0.05 0.82±0.05
3.97 3.87/4.07 1.14±0.09 0.82±0.06 0.82±0.06
4.97 4.87/5.06 1.24±0.08 0.99±0.07 0.99±0.07
5.42 5.32/5.51 1.18±0.02 1.02±0.02 0.98±0.03
9.85 9.75/9.95 1.06±0.06 1.05±0.06 0.99±0.06
14.7 14.6/14.8 0.96±0.05 0.78±0.04 0.89±0.38
∗ These values are the normalization factors when our data are fixed to JENDL-4.0
evaluation at the first resonance.
the resonances. In the present analysis, we found that σγ obtained using the180
PHW technique with a simple weighting function [24] agrees with that obtained
without PHW within the statistical uncertainty. Therefore the cross section
obtained without applying the PHW technique is shown in Fig. 4(b). Table 2
and Fig. 5(b) shows the capture cross section ratios to our data for the evalu-
ations of JENDL and JEFF, and the recent experimental data by Jandel [18],185
Lampoudis [31] and by Fraval [12]. The statistical errors of this work and the
uncertainty given in Jandel [18] are considered here. Discrepancies between our
data and the experimental data by Jandel or Fraval increases in the region
En > 2 eV. The JENDL-4.0 evaluation is systematically smaller by 15% above
2 eV. In Fig. 4(b) one can see that the present data have larger values at the190
energies between resonances in the region En > 3 eV. The main reason would
be an insufficient subtraction of background γ rays produced outside the target,
10
Table 2: Ratios of
[ ∫ E2
E1
σγ dE
]
others
/[ ∫ E2
E1
σγ dE
]
This work
are summarized. The first col-
umn is the resonance energy and the second are the lower and upper energies of the resonance
integration.
Er E1/E2
JENDL
This work
JEFF
This work
Jandel
This work
Lampoudis
This work
Fraval
This work
(eV) (eV) (1.000∗) (1.129∗) (0.9411∗) (1.136∗) (0.8384∗)
0.305 0.208/0.403 1.000±0.001 1.000±0.001 1.000±0.009 1.000±0.001 1.000±0.001
0.572 0.478/0.667 0.989±0.002 0.979±0.002 0.974±0.013 0.975±0.002 0.985±0.002
1.27 1.17/1.37 0.948±0.002 0.984±0.002 0.969±0.017 0.966±0.002 0.952±0.002
1.92 1.83/2.01 0.889±0.006 0.944±0.006 0.945±0.044 0.942±0.006 0.993±0.007
2.36 2.25/2.47 0.872±0.012 0.914±0.013 0.917±0.062 0.970±0.013 1.057±0.015
2.60 2.49/2.70 0.830±0.007 0.932±0.008 0.870±0.049 0.941±0.008 0.903±0.008
3.97 3.87/4.07 0.851±0.010 0.937±0.011 0.866±0.065 0.905±0.011 0.910±0.011
4.97 4.87/5.06 0.846±0.015 0.894±0.016 0.830±0.085 0.879±0.016 0.824±0.015
5.42 5.32/5.51 0.884±0.006 0.976±0.006 0.818±0.045 0.949±0.006 0.689±0.004
9.85 9.75/9.95 0.816±0.020 0.875±0.022 0.684±0.088 0.903±0.023 0.768±0.019
14.7 14.6/14.8 0.852±0.015 0.978±0.017 0.590±0.051 1.019±0.018 0.154±0.003
∗ These values are the normalization factors when our data are fixed to JENDL-4.0
evaluation at the first resonance.
such as capture γ rays from a beam duct. The background level in this energy
region is roughly estimated to be 30–50 barn which results in enhancement of
about 10% in the cross section integral for σγ . Then the JEFF-3.2 evaluation195
and the data by Lampoudis seem to show the best agreement with our data
among them.
In the present work, the common uncertainties due to the dead-time correc-
tion, the self-shielding correction and the neutron spectrum are canceled in the
cross-section ratio between fission and capture. Hence the simultaneous mea-200
surement demonstrated in this study will be useful to measure smaller fission
cross sections such as 237Np and 243Am where a thick target is needed and then
the corrections mentioned above should be larger.
The ratio of the cross sections is defined asRs ≡
[∫ E2
E1
σf dEn
]/[∫ E2
E1
σγ dEn
]
,
11
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Figure 5: (a) The fission cross-section ratios between the other data and the present work
summarized in Table. 1. (b) The caputure cross-section ratios between the other data and the
present work summarized in Table. 2. (c) The ratio of Rs values, see text and Table 3. The
horizontal bars denote the range of the integration.
where E1,2 are the same as described before. In order to compare the cross-205
section ratio obtained in this study RThis works , the ratios of the cross-section
ratio are plotted in Fig. 5(c). All symbols are the ratios of Rs obtained from the
evaluations and the experimental data to that of this work RThis works . Closed
circles and squares show RJENDLs /R
This work
s and R
JEFF
s /R
This work
s , respectively.
Closed triangles and reverse triangles show the ratio between the other exper-210
imental data and our data. The data by Dabbs [26] were used for the fission
cross sections and the data by Jandel [18] and by Lampoudis [31] were used for
the capture cross sections. The horizontal bars in Fig. 5(c) denote the range of
this integration. The values are also summarized in Table 3. Since the absolute
values of our cross sections are arbitrary, the ratios are normalized to unity at215
the first resonance. The values in the parentheses at the top row in Table 3 are
the normalization factors when our data are fix to the JENDL-4.0 evaluation.
Smaller Rs/R
This work
s values are found at the second resonance (Er=0.572 eV)
for all compared libraries and the experiments. This is mainly attributed to
their σf which are smaller by 9–10%, while their σγ are smaller by only 1–220
3%. For the fourth resonance (Er=1.92MeV), Rs/R
This work
s values except for
JENDL-4.0 are smaller by 14–22%. This is because of their smaller σγ and even
12
Table 3: Ratios of the cross-section ratio
[ ∫ E2
E1
σf dE
]/[ ∫ E2
E1
σγ dE
]
(≡ Rs) are summarized.
The first column is the resonance energy and the second are the lower and upper energies of
the resonance integration, see also Fig. 5(c). The third to sixth columns are the ratios of the
Rs values obtained in this work to that of JENDL-4.0, JEFF-3.2 and the other experimental
data in [18, 26, 31], respectively.
Er E1/E2
RJENDL
s
RThis work
s
RJEFF
s
RThis work
s
RRef. [18, 26]
s
RThis work
s
RRef. [26, 31]
s
RThis work
s
(eV) (eV) (1.000∗) (0.864∗) (1.070∗) (0.886∗)
0.305 0.208/0.403 1.00±0.01 1.00±0.01 1.00±0.02 1.00±0.01
0.572 0.478/0.667 0.91±0.01 0.93±0.01 0.92±0.02 0.92±0.01
1.27 1.17/1.37 1.03±0.01 1.04±0.01 1.03±0.02 1.03±0.01
1.92 1.83/2.01 1.18±0.09 0.78±0.06 0.86±0.08 0.86±0.07
2.36 2.25/2.47 1.13±0.09 1.00±0.08 1.03±0.11 0.98±0.08
2.60 2.49/2.70 1.05±0.06 0.92±0.05 0.94±0.08 0.87±0.05
3.97 3.87/4.07 1.34±0.10 0.88±0.07 0.94±0.10 0.90±0.07
4.97 4.87/5.06 1.46±0.10 1.11±0.08 1.20±0.15 1.13±0.08
5.42 5.32/5.51 1.34±0.03 1.04±0.02 1.19±0.07 1.03±0.03
9.85 9.75/9.95 1.30±0.08 1.20±0.07 1.45±0.21 1.10±0.07
14.7 14.6/14.8 1.13±0.06 0.80±0.04 1.50±0.66 0.87±0.38
∗ These values are the normalization factors when our data are fixed to JENDL-4.0
evaluation at the first resonance.
smaller σf , see Tables 1, 2. The JEFF-3.2 evaluation can reproduce the present
data better than JENDL-4.0 in total.
In the analysis we assumed that the average neutron multiplicity in fission,225
ν¯, does not change through the measured incident-neutron energy range. The
assumption is based on the measurement of ν¯ for 235U(n, f) [29] where the dif-
ference of ν¯ for each resonance from the average was found to be within ±0.8%.
A maximum deviation (7.3±1.0)% for ν¯ from the average over the energy range
En=7–400 eV was found in
239Pu(n, f) [28]. The differences in Rs for some res-230
onances found in between the present data and literature/library data are larger
than the change of ν¯ observed so far.
13
4. Summary
We have measured the 241Am(n, f) and the (n, γ) reactions in the same
experimental setup. Owing to the high intensity neutron beam at J-PARC,235
fission events were successfully observed by detecting prompt neutrons using
liquid scintillators. In the simultaneous measurement, the corrections for the
dead time, self-shielding and the neutron spectrum have common values for both
fission and capture cross sections, which would result in significant reduction
of the error in the cross section ratio between fission and capture, Rs. For240
example the self-shielding correction gives a relatively large correction factor
(6–8%) in this analysis. Ambiguities from these corrections are all canceled in
the cross-section ratio. From the measurement of n+241Am, it is found that
the Rs value from the literature data at the second resonance (Er=0.572 eV) is
about 8% smaller than that obtained in the present work. On the other hand,245
the values from JENDL-4.0 at the higher energy resonances (Er=4.97, 5.42 and
9.85 eV) are 30–46% larger than the present data. Although this is partly due to
apparently larger, roughly 10%, σγ obtained in this work mentioned before, the
discrepancy cannot be explained only by the background of this measurement.
The deviations are larger than the fluctuation of average prompt neutrons ν¯250
investigated in neutron-induced fission of 235U and 239Pu. We will start a more
detailed fission study by detecting the fission fragments in coincidence with
the prompt neutrons/γ rays after the permission to use unsealed radioactive
materials as a target is given.
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